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Ultrastructural changes in renal tubules associated with glomerular
bleeding. Renal biopsies from ten patients presenting with macroscopic
or heavy microscopic hematuria, shown to be glomerular in origin, were
examined by light and electron microscopy. All biopsies showed
erythrocytes within tubules by light microscopy and, in five cases, there
were morphologic features of acute tubular necrosis. In four biopsies
there was clear evidence by electron microscopy of uptake of erythro-
cytes by renal tubular epithelial cells, associated with some blunting of
epithelial microvilli, vacuolar change and increased lysosomal content.
Associated with erythrophagocytosis, the subsequent pathway of eryth-
rocyte destruction within renal tubular epithelial cells closely resembled
the hemolytic pathway described in macrophages of the reticulo-
endotheliat system.
In many forms of glomerulonephritis, erythrocytes and
plasma proteins pass through the damaged filtration barrier
leading to the clinical findings of hematuria and proteinuria. It is
well established that proteins appearing in the tubular fluid are
to a large extent reabsorbed into the epithelial cells of the
proximal tubule by endocytosis and then transferred to the
lysosomes where they are digested [1]. Morphologically intact
erythrocytes have been described in proximal tubular epithelial
cells in renal biopsies from patients suffering from acute gb-
merulonephritis and hematuria [2]. In patients with IgA
nephropathy and macroscopic hematuria, Kincaid-Smith et al
[3] described tubular injury in relation to phagocytosis of
erythrocytes. Studies in the rat [4] have shown uptake of intact
erythrocytes, erythrocyte fragments and hemoglobin by epithe-
hal cells of the proximal tubule in association with tubular
damage and interstitial inflammation and fibrosis.
The present study aims to more closely define the ultrastruc-
tural changes within renal tubules in a series of patients with
macroscopic or heavy microscopic hematuria of glomerular
origin.
Methods
Renal biopsy material was examined from ten patients with
macroscopic or heavy microscopic (>106 erythrocytes/ml) he-
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maturia at the time of needle biopsy. Proteinuria was assessed
by 24-hour urinary protein measurement. Renal function was
assessed by serum urea and creatinine measurement. For the
purpose of this analysis an acute deterioration in renal function
during an episode or hematuria was considered significant
whenever serum creatinine increased by a minimum of 0.05
mmohlliter or a similar decrement was observed during the three
week follow-up period.
Needle renal biopsy tissue was examined by light, immuno-
fluorescence and electron microscopy. Tissue for light micros-
copy was fixed in buffered formol saline or formol sublimate
and embedded in paraffin. Sections, 3 rm thick, were stained
with routine hematoxylin and eosin, periodic acid Schiff, Mas-
son trichrome and silver methenamine/Masson trichrome
stains. Quantitative and semiquantitative assessment of light
microscopic features was performed: (1) glomeruli—the total
number of glomeruli and the numbers showing total sclerosis,
segmental necrotising lesions and crescents were determined;
(2) tubules and interstitium—a semiquantitative system of grad-
ing the severity of changes (1+, focal, mild; 2+, widespread,
mild to moderate; 3+ extensive, marked) was used to evaluate
(a) tubular atrophy, (b) tubular erythrocyte casts, (c) tubular
features of acute tubular necrosis, (d) interstitial fibrosis, and
(e) interstitial inflammation.
Tissue for immunofluorescence microscopy was snap-frozen
in a mixture of C02-absolute alcohol or liquid nitrogen/isopen-
tane and stored at —20°C. Four micrometer sections of different
levels of the biopsy were placed on slides and were stained by
a standard direct method with fluoresceinated antisera to hu-
man IgA, IgG, 1gM, fibrin, CIq, C3 and albumin, each for 30
minutes at room temperature. A total of four washes of phos-
phate buffered saline (5 mm), normal saline (2 X 10 mm) and
distilled water (10 mm) were performed, and the sections were
mounted in glycerol and phosphate buffered saline and stored at
4°C until examined.
Tissue for electron microscopy was initially fixed in 4%
glutaraldehyde, rinsed in buffer, post-fixed in 1% osmium
tetroxide, dehydrated through 75% to 100% alcohol and then
100% acetone and embedded in Epon-Araldite. Thin sections
were cut, mounted on copper grids and stained with uranyl
acetate and lead citrate, and examined with a Siemens 102
electron microscope.
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Table 1. Clinical data
Duration from onset
of hematuria to time
Immediately before renal biopsy
Urinary
Patient Age of biopsy erythrocyte count Urinary protein Serum creatinine
no. Sex yrs weeks no/mi g/24 hrs mmol/liter
1 M 28 25 1 x 106 1.7 0.10
2 F 30 2 days 1 x 106 1.4 0.06
3 M 15 5 1 x 106 1.3 0.09
4 M 33 12 years 11 X 106 0.7 0.35
5 M 18 8 1 x 106 1.2 0.77
6 F 27 4 years 3 x 106 1.1 0.18
7 M 29 36 6 x l0 2.2 0.22
8 F 21 26 10 x 106 NA 0.06
9 F 65 4 1 x 106 1.0 0.56
10 F 21 2 1 x 106 0.7 0.70
Abbreviation: NA, not available.
Table 2. Histological data
Glomeruli
Tubules
Interstitium
No.
segmental
Patient Total No. No. necrotising
no. no. sclerosed crescents lesions
Erythrocyte
Atrophy casts ATN Inflammation Fibrosis
1 20 2 4 0 1+ 1+ 0 1+ 1+
2 34 2 0 10 1+ 2+ 0 0 1+3 35 0 0 0 1+ 2+ 0 1+ 1+
4 19 2 0 0 3+ 3+ 0 0 3+
34 0 3 1 1+ 2+ 2+ 1+ 1+
6 25 6 9 8 2+ 2+ 1+ 2+ 2+
7 35 0 0 12 1+ 3+ 1+ 0 1+8 27 0 0 0 0 1+ 0 0 0
9 25 1 5 0 0 3+ 1 3 0l0 27 0 22 21 0 3+ 1 0 0
Abbreviation is: ATN, acute tubular necrosis.
Renal biopsy diagnosis:
1—IgA nephropathy
2—IgA nephropathy
3—IgA nephropathy
4—IgA nephropathy
5—IgA nephropathy
6—IgA nephropathy
7—IgA nephropathy
8—minor nonspecific glomerular abnormalities
9—microscopic form of polyarteritis nodosa
10_—Goodpasture's syndrome (diffuse necrotising crescentic glomerulonephritis associated with antiglomerular basement membrane anti-
bodies)
a Those biopsies in which erythrocytes were identified within tubular epithelium.
Results
Clinical data
These are presented in Table 1. Patients' ages ranged from 15
to 65 years and the interval from the onset of hematuria to the
time of biopsy ranged from two days to 12 years. The urinary
erythrocyte count was greater than 106 erythrocytes/ml in all
patients immediately before biopsy; in all cases erythrocytes
were shown to be of glomerular origin by phase contrast
microscopy [5]. In nine patients, 24-hour urinary protein mea-
surements were available and ranged from 0.7 g124 h to 2.2 g!24
h.
Serum creatinine was elevated above the normal range in six
patients at the time of biopsy, and in each of these there was a
fall by more than 0.05 mmol/liter within three weeks during the
follow-up period.
Light and immunofluorescence microscopy
These are presented hi Table 2. The morphologic renal biopsy
diagnosis was based on light and immunofluorescence micros-
copy.
In all biopsies erythrocytes were present within tuDuies,
formation of erythrocyte casts was frequent and these were
most prominent in those patients with a significant acute
deterioration in renal function at the time of biopsy. Many of
the erythrocytes in the lumens of the tubules had lost hemoglo-
bin and showed marked variation in size and shape. Erythro-
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Fig. 1. Case No. 5. Renal tubule with lumen (L) filled by dysmorphic
erythrocytes showing marked variation in electron density, Note flat-
tening of tubular cells. (x 2210)
cytes, some of which were fragmented, were identified in the
cytoplasm of tubular epithelial cells in five cases; in four (Nos.
5, 6, 8 and 10) many tubules were affected but in the fifth (No.
3) they were present only in one or two cells in occasional
tubules. Changes of acute tubular necrosis were present in five
of the six patients with acute renal impairment at the time of
biopsy; these changes were only focal in four of the five
biopsies and more widespread in the other (No. 5). In the
affected tubules necrotic cells with eosinophilic cytoplasm and
pyknotic nuclei, characteristic of acute necrosis, were associ-
ated with evidence of regeneration, characterized by flattened
cells with basophilic cytoplasm containing mitoses. Interstitial
edema was an associated feature. Focal mononuclear inflam-
matory cell infiltrates were present in three of the patients with
IgA nephropathy and were widespread in one patient (No. 6).
Patient No. 9 showed extensive interstitial mononuclear and
neutrophil cell infiltration associated with arterioles, leading to
the diagnosis of the microscopic form of polyarteritis nodosa.
Interstitial fibrosis was marked in patient No. 4, who had a 12
year history of IgA nephropathy, and present to a lesser degree
in all the other cases of IgA nephropathy. In patient No. 10,
who had Goodpasture's Syndrome, extensive peritubular hem-
orrhage was associated with distension of tubules by numerous
erythrocyte casts.
Electron microscopy
In six cases (Nos. 5, 6, 7, 8, 9 and 10) erythrocytes were
present within the lumens of tubules, either packed tightly (Fig.
1) or arranged loosely (Fig. 2). These intratubular erythrocytes
were extensively distorted and many were disrupted, collapsed
and showed variation in electron density reflecting a varying
loss of hemoglobin (Fig. 1).
In four cases (Nos. 5, 6, 8, and 10) intact erythrocytes and
erythrocyte fragments were also observed within the cytoplasm
of tubular epithelial cells (Fig. 2). In three of these cases (Nos.
5, 6 and 10) the tubular cells containing erythrocytes could be
readily identified as proximal tubular cells with well developed
brush borders (Fig. 5). However, in case No. 8 the tubular cells
containing erythrocytes showed only stunted microvilli, which
in association with paucity of mitochondria and simple basilar
and lateral borders are appearances more closely resembling
the distal tubule (Fig. 2). Ingested erythrocytes were present
throughout the tubular epithelial cell cytoplasm and showed no
evidence of polarization to apical or basal regions (Fig. 2).
Intact intracytoplasmic spherical erythrocytes were situated
within membrane limited organelles and the interspace between
the two membranes was filled with material of the same electron
density as the enclosed erythrocyte (Fig. 3). Adjacent ingested
erythrocytes showed varying degrees of increasing electron
lucency and the presence of an electron dense layer against the
inner side of the erythrocyte plasma membrane (Figs. 4 and 5).
Ingested erythrocytes with only a residual rim of electron dense
material showed collapse and fragmentation (Fig. 5).
In case No. 6, in cells containing identifiable erythrocytes
within membrane limited organelles, the cytoplasm also con-
tained numbers of lysosome-like bodies showing an irregular
granular content (Fig. 5).
In cases No. 5, 9 and 10 there was clear evidence of tubular
epithelial degenerative changes with cytoplasmic swelling, vac-
uolation and plasmalemmal rupture, and in some areas epithe-
hal cells were absent, leaving internally bare areas of tubular
basement membrane. There was evidence of mitotic activity
within regenerating tubular cells and the interstitium showed
edema.
Discussion
Erythrophagocytosis with subsequent digestion of red blood
cells is a normal hemoregulatory process necessary for the
recycling of erythrocyte iron which is usually performed by
macrophages of the reticuloendothelial system. However, un-
der hemorrhagic conditions, other cell types have been found
capable of erythrophagocytosis, such as epidermal cells [6],
cells of the hemorrhagic zona glomerulosa of the rat adrenal
gland [7], hyperplastic and neoplastic transitional epithelial
cells of the rat bladder [81, thyroid epithelial cells in hyperplas-
tic rat thyroid glands [91, trophoblastic epithelial cells in the
sheep placenta [10—12], and proximal tubule cells of the rat
kidney [4].
The uptake of erythrocytes by cells other than macrophages
is an example of "facultative phagocytosis" [131, about which
little is known. Studies of the rat bladder [8] have demonstrated
erythrophagocytosis only by rapidly regenerating transitional
epithelial cells and neoplastic epithelial cells, but in the same
study the normal transitional epithehium was unable to phago-
cytose bacteria. The authors postulated that the highly differ-
entiated, long living cells of the normal epithelium lose their
phagocytic ability in the course of differentiation [8]. Perhaps
too in the renal tubules uptake of erythrocytes is not a phenom-
enon of the "normal" epithelium. In only five of the ten cases
in the present study, all demonstrating similar recorded levels
rw. "a
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Fig. 2. Case No. 8. Renal tubule with
dysmorphic erythrocytes in the lumen (L).
Several tubular epithelial cells contain
phagocytosed erythrocytes in various stages
of breakdown (asterisks). Note mitosis in
tubular cell (arrow). The tubular epithelial
cells show only sparse stunted microvilli and
their appearances are more characteristic of
distal tubule. (x 3270)
of glomerular hematuria, was uptake of erythrocytes by renal
tubular epithelium observed at a light microscopic level, and in
only four of these cases was this confirmed at the ultrastructural
level. In two of these cases, there was acute severe tubular
necrosis associated with a marked acute reduction in renal
function and, in a third, less severe acute tubular necrosis was
present with a moderate acute reduction in renal function. In
the other two cases, although renal function was normal, there
was evidence of mitotic activity in renal tubular epithelium.
Although the complex mechanisms by which renal tubules
absorb, transport and/or degrade various solutes, proteins and
water have been extensively studied [1, 14, 15] the renal tubular
uptake of macromolecular complexes has received little atten-
tion. Proteins and large polypeptides are absorbed from proxi-
mal tubular fluid by luminal endocytosis to apical vacuoles, this
process taking only a few minutes. These vacuoles fuse with
primary lysosomes within which hydrolysis occurs, followed by
diffusion of metabolites out of the cells and into the blood [1,
141. Shimamura and Maesaka [16], using micropuncture studies
in rats, have demonstrated that proximal and distal tubular
epithelial cells possess phagocytic potential for E. co/i, this
process taking less than four hours. In addition, their results
also showed that E. co/i were phagocytosed preferentially in
comparison to erythrocytes within four hours after microperfu-
sion, possibly reflecting size selectivity or perhaps charge
selectivity or even receptor-mediated tubular epithelial phago-
cytosis [16, 171. In micropuncture studies on the rat kidney [4]
there was a considerable delay of 15 to 24 hours before
phagocytosis of erythrocytes by proximal tubular epithelial
cells took place. During this time interval several alterations in
cell structure occurred, such as the progressive loss of micro-
Fig. 3. Case No. 8. Phagocytosed erythrocyte located within mem-
brane limited organelle in proximal tubular epithelial cells. The arrows
denote the limiting membrane of the erythrophagosome/lysosome and
the arrowheads identify the plasma membrane of the erythrocyte. Note
that the electron density of material in the interspace between the two
membranes is the same as the enclosed erythrocyte. (x 246,000)
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FIg. 4. Case No. JO. Proximal tubular
epithelial cell containing several phagocytosed
erythrocytes in various stages of breakdown.
Note variation in electron lucency of digested
erythrocytes and the presence of an electron
dense layer against the inner side of the
erythrocyte plasma membrane (arrows). (x
13,070)
Fig. 5. Case No. JO. At later stages of
erythrocyte breakdown the erythrocyte
plasma membrane, still with a residual inner
rim of electron dense material, shows collapse
and fragmentation (arrows). Note numerous
granular lysosome-like bodies (asterisks) and
proximal tubular microvillous border (lower
left hand corner). (x 8610)
villi forming the brush border, the formation of the apical
evaginations or pseudopodia and the increase in the number of
lysosome-like structures. It is possible that the cellular changes
seen in the proximal tubules in the period leading up to
phagocytosis of erythrocytes, including a progressive loss of
microvilli and an increase in lysosome-like structures, may play
an important role in the phagocytic process 14].
Micropuncture studies in rat have demonstrated phagocytic
capacity by both proximal and distal tubular epithelial cells for
E. co/i [16]. In the present study, by electron microscopy, in
three of the four cases demonstrating erythrophagocytosis, the
erythrocytes or erythrocyte fragments were clearly situated in
cells of the proximal tubule, although these cells often showed
some blunting of microvilli, vacuolar change and an increase in
lysosomal content. In one case, however, the tubular cells
containing erythrocytes were more characteristic of distal tu-
bule. Hence our studies may demonstrate erythrophagocytosis
by proximal and distal tubular epithelial cells of the human
kidney, but it is possible that changes in the proximal tubular
cells associated with erythrophagocytosis may cause them to
resemble distal tubular cells. Madsen, Applegate and Tisher [4]
suggest that loss of microvilli in proximal tubular cells may be
due to their utilization as the source of newly formed apical
evaginations or pseudopodia for erythrophagocytosis, as well
as their requirement for plasma membrane due to continuous
pinocytosis of hemoglobin [4] released from damaged erythro-
cytes in the tubular lumen.
Alterations in erythrocytes themselves may be necessary
prior to phagocytosis and perhaps may also be a stimulus to
phagocytosis [181. Weed and Reed [18] describe fragmentation
and permeability changes with release of hemoglobin leading to
"sphering" of erythrocytes before phagocytosis by macro-
• 3.
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phages in the reticulo-endothelial system. In the present study
erythrocytes within the tubular lumina appeared dysmorphic,
with many almost spherical in shape with bud-like surface
projections and other cells were partially collapsed and poorly
hemoglobinized; these appearances closely resemble those de-
scribed in urinary sediments in patients with glomerular hema-
tuna [5]. These alterations in tubular erythrocytes may play an
important role in the initiation of their phagocytosis by the
tubular cells.
The pathway of destruction of phagocytozed erythrocytes
has been closely documented in macrophages of the reticulo-
endothelial system [19]. Erythrophagocytosis is followed by
morphologic evidence of extraction of hemoglobin from the
erythrocyte. Lysosomal enzymes are then delivered to the
phagocytic vacuole, where they digest hemoglobin and finally
the erythrocyte membrane [19]. This pathway of erythrocyte
destruction, referred to as the hemolytic pathway, is also well
described in the rat thyroid gland [9], rat bladder [8] and sheep
placenta [10—12]. Acid phosphatase studies in the sheep pla-
centa [10] have shown that digestion of hemoglobin after
erythrophagocytosis by epithelial cells takes place mainly out-
side the erythrocytes in the interspaces between the erythro-
cyte membrane and the lysosomal membrane, suggesting that
hemoglobin has diffused through the erythrocyte membrane
into this space. The process of erythrocyte destruction ob-
served in the current study closely resembles the hemolytic
pathway described above.
The mechanisms of the development of tubular necrosis in
patients with macroscopic hematuria are not clear. Kincaid-
Smith et al [31 suggested that either hemoglobin or some other
constituent of the phagocytozed erythrocytes could be respon-
sible at least in part for the tubular damage. Micropuncture
studies in the rat [4] have shown that the uptake of erythrocytes
into proximal tubular epithelial cells is associated with edema,
lymphocytic infiltration and fibrosis within the interstitium.
Madsen et al [4] suggest that degradation products from the
erythrocytes may cause cell damage in the proximal tubule
leading to the inflammatory reaction in the interstitium. Hemo-
globin injection studies [20, 21] suggest that the uptake of
hemoglobin by proximal tubular cells does not cause tubular
damage. However, it has been postulated that prolonged expo-
sure to higher concentrations of hemoglobin, perhaps associ-
ated with dehydration, may result in tubular damage [3, 4, 22].
In addition, the possibility that repeated episodes of macro-
scopic hematuria may produce chronic tubulointerstitial
changes and contribute to the development of chronic renal
failure in IgA nephropathy has been further suggested 13, 22,
23].
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